We investigate the hydrogen adsorbing characteristics of single-walled carbon nanotubes (CNTs) through fundamental molecular dynamics simulations that characterize the role of ambient pressure and temperature, the presence of surface charges on the CNTs, inclusion of metal ion interconnects, and nanocapillary effects. While the literature suggests that hydrogen spillover due to the presence of metallic contaminants enhances storage on and inside the nanotubes, we find this to be significant for alkali and not transition metals. Charging the CNT surfaces does not significantly enhance hydrogen storage. We find that the bulk of the hydrogen storage occurs inside CNTs due to their nanocapillarity effect. Storage is much more dependent on external thermodynamic conditions such as the temperature and the pressure than on these facets of the CNT structure. The dependence of storage on the external thermodynamic conditions is analyzed and the optimal range of operating conditions is identified.
Introduction
Carbon nanotube (CNT) aggregates have been suggested as candidates for hydrogen storage due to their adsorbing characteristics and capillarity, high surface area, and nanoscale dimensions (for both length and curvature) [1, 2] . The active temperature range for adsorption is • C, which is useful for practical applications [3] . A benchmark set by the US Department of Energy requires that 6.5 wt% of hydrogen be contained in a storing material with a volumetric density of 62 kg H 2 m −3 [4] .
Various means have been proposed to increase hydrogen storage in carbon nanostructures. The access of hydrogen molecules into the interior of a CNT can be facilitated by removing its hemispherical fullerene caps [5] [6] [7] . Hydrogen storage increases at higher pressures [8, 9] and lower temperatures [10] . Storage is enhanced when hydrogen molecules are dissociated into atoms [11] , since these penetrate the nanotube pores more readily and become chemisorbed [12] . Hydrogen molecules are physisorbed at higher pressures into CNT interstices and interiors [13] . The literature suggests that carbon nanotubes have enhanced storage capacities when they carry a charge [14] or contain metal nanoparticles [15] . For instance, CNTs doped with alkali metals such as Li [16] and transition metals such as Ti [17] show a measurable increase in hydrogen storage, since H 2 molecules are first adsorbed by metal atoms and later desorbed and physisorbed by carbon atoms during hydrogen spillover [18] .
There is however a wide disparity in the hydrogen storage measurements for single-walled nanotubes (SWNTs) [5, [19] [20] [21] .
Reports of high storage capacities [22, 23] remain uncorroborated [20, 24] . Some experiments imply that storage in CNTs is possible at levels above the minimum volumetric storage prescribed by DOE at moderate temperatures and ambient pressure [4, 21] but other investigations have found that a useful amount of hydrogen can only be stored at cryogenic temperatures and/or very high pressures [5] . It has been suggested that some measurements erroneously provide a higher adsorption rate than is realistically possible [20] , since the CNT storage capacity at normal temperature and pressure is limited [25] .
Our intent is to resolve this conflicting information using a fundamental molecular approach based on molecular dynamics (MD) simulations, which we use to evaluate hypothetically possibilities that could enhance hydrogen storage in CNTs [16, 26] (as shown in figure 1 ), or providing surface charges to the CNTs.
Methodology
Various simulation techniques can be used for the molecular modeling, such as MD [27] , Monte Carlo [28] and density functional theory [9] . These can all illuminate the physical mechanisms and intermolecular forces that promote hydrogen adsorption/storage in carbon nanopores [29] [30] [31] . The interaction between a carbonaceous material and hydrogen is usually represented in MD simulations through an empirical potential function [9, 29] . Our simulations are based on the massively parallel LAMMPS code [32] in which these interactions are modeled using a Lennard-Jones potential that considers Coulombic interactions, i.e.,
In equation (1), r i j denotes the scalar distance between sites i and j , σ i j and ε i j are the LJ interaction parameters, and q i and q j represent the charges on sites i and j although not all sites have charges. The parameters σ i j and ε i j , are obtained from the literature [33] [34] [35] and are listed in table 1 for various cases. The simulation configuration is described in figure 1 . The cuboid 25.967 nm × 6.875 nm × 6.875 nm domain consists of two (10, 10) single-walled armchair CNTs of 1.375 nm diameter, 6.11 nm length, and 2.49Å pore size that are surrounded by hydrogen. The system temperature is varied between 25 and 470 K and the pressure varied between 0.67 and 55 atmospheres (or 0.067-5.56 MPa). A nanowafer consisting either of metal ions or carbon connects the interiors of the two CNTs but it is not chemically bonded to them. When the nanowafer has metal ions, these are provided with alternate positive and negative charges that maintain overall charge neutrality. The carbon atoms in the CNTs are either uncharged, or carry positive (anode) or negative (cathode) charges. We also consider a circumferential pattern that consists of rings of alternate positive and negative charges that are arrayed along the circumference of the CNTs as described in figure 3(a). Periodic boundary conditions apply in all directions to eliminate wall effects so that the system is effectively infinite in all directions. The number of hydrogen molecules depends on the external pressure and temperature, which at 10 atm and 273 K is 330. These molecules initially form a face centered cubic (fcc) lattice that equilibrates through the simulations. A thermostat maintains constant temperature and the molecules have an initial velocity distribution corresponding to the system temperature. A cut-off distance of 9Å is used for both Lennard-Jones and Coulombic forces. Results obtained by implementing the Ewald sum in selected cases are compared with those obtained with longrange cut-offs and no appreciable changes are detected.
Based on the equilibrium configuration, we calculate the number of hydrogen molecules that are either stored inside the CNTs or physisorbed on their surfaces. The weight of the adsorbate is determined from the number of molecules and thereafter the weight per cent adsorption relative to the mass of the nanotube is evaluated. We are interested in investigating the enhancement of storage inside and on the surface of the CNTs due to spillover of hydrogen [3, 18] in the presence of metal ions. Hence, we do not consider physisorbed hydrogen on the surface of the metal interconnect. 55 atm. The CNTs are uncharged and connected to a nanowafer consisting of Li, Pd or Ti ions, or electrostatically inert C atoms. The hydrogen storage on the surface and inside the nanotube is calculated. While the presence of Li ions is found to increase H 2 storage, in contrast with some earlier findings [13, 18, 28] we determine that the heavier transition metals Ti and Pd do not enhance it. At 54.75 atm, Li ions augment storage by 12.33% (as compared to storage with a carbon interconnect). At that pressure, a nanowafer containing Li ions also induces 57.48% and 49.11% more storage by the nanotubes than the corresponding configurations containing Ti and Pd ions, respectively. We corroborate the experimental finding that alkali metal ions have a positive influence on hydrogen storage in carbon nanostructures [16] but find that this enhancement is significant only at higher pressures (it is 1% by weight at 273 K). Surprisingly, however, we find that a transition ion nanowafer interconnect placed between two CNTs diminishes H 2 storage on and inside the nanotubes. Figure 3 presents the influence of electrostatic charges placed on CNT surfaces on hydrogen storage at 273 K when the nanotubes are joined by a Li ion interconnect or nanowafer. The model for CNT electrodes and circumferential ring-type alternating charges is presented in greater detail elsewhere [36] and schematically described in figure 3(a) . At lower pressures, CNT electrodes store more hydrogen (resulting in a 20.27% enhancement at 9.94 atm) but at higher pressures, uncharged CNTs are more effective. At all pressures, the alternating circumferential ring charge induces the lowest storage.
Results and discussion
The hydrogen molecule is charge neutral but has a dipole moment in the presence of charged surfaces [37] . Hence, at lower pressures this molecule orients itself according to the electrostatic field, thereby increasing storage. In contrast, at pressures exceeding 35 atm (i.e., at higher densities) the average hydrogen-hydrogen and hydrogen-CNT intermolecular distance decreases so that the repulsion due to the Coulombic potential becomes more significant than the electrostatic attraction. Thus, hydrogen molecules are no longer able to orient themselves as they do at lower pressures. Additionally, the adsorbate-adsorbate (i.e., H 2 -H 2 ) repulsion dominates in the presence of a charged surface when a hydrogen monolayer is present on the CNT surface [38] . Hence, CNT electrodes exhibit lower storage at higher pressures.
The effect of increasing pressure on hydrogen storage at 100 K in the presence of a Li ion nanowafer interconnect is presented in the inset of figure 3. It shows that higher pressures promote storage for both uncharged CNTs and CNT electrodes. Consistent with the results for 273 K, storage at higher pressures (>22 atm) is greater for uncharged nanotubes than for electrodes. At lower pressures, storage is higher for CNT electrodes, e.g., at 20.06 atm storage is 6.94% greater with electrodes as compared to uncharged CNTs. These results indicate that storage in the presence of Li ions depends upon both the pressure and the charge on the CNT surfaces. Figure 4 shows that CNTs store significantly more hydrogen than can be compressed in an equivalent volume. For instance, at 273 K and 10 atm, volumetric storage in CNTs connected by a Li ion nanowafer is 183% greater than for simply compressed hydrogen. While the mass density of compressed hydrogen increases linearly with pressure in accord with the ideal gas relation, the corresponding storage in CNTs is nonlinear. Figures 4 and 5 present the effects of temperature and pressure on hydrogen storage for three isobars (at 1, 5 and 10 atm) and two isotherms (at 273 and 100 K) for uncharged CNTs connected by a Li ion nanowafer. Lower system temperatures promote storage as previously reported [11] . At 100 K, the storage is almost 8.5 times greater at a 10 atm pressure as compared to that at 1 atm.
The volumetric storage density ρ is the storage per unit volume at a given temperature and pressure. A regression analysis to fit a curve through the data in figures 4 and 5 provides the relation
which differs from the ideal gas law. This variation can be attributed to the van der Waals forces between the CNTs, metal ions and hydrogen molecules. In equation (2) ρ 0 , p 0 , and T 0 denote a reference density (at STP), pressure (1 atm) and temperature (273 K). In comparison with the ideal gas relation, the dependence of ρ on the temperature in equation (2) is stronger than on the pressure. The slope of the isotherms , and decreases rapidly for T r > 0.6 as demonstrated in the inset in figure 5 . This implies that storage increases most when T r < 0.6 (or T < 165 K). This behavior can be utilized for the sequential adsorption (increasing p, decreasing T ) and desorption (increasing T , decreasing p) of hydrogen. Decreasing the temperature however involves an additional energy input into the system, although it is one which could be harvested when the temperature is increased to desorb hydrogen.
A similar analysis is presented in figures 6 and 7 for uncharged CNTs connected by an uncharged C interconnect. A regression analysis suggests that
which again differs from the ideal gas relation. Moreover, the exponents on the reduced pressure and temperature are different from those for Li ion interconnects under otherwise identical conditions. This suggests that hydrogen storage in the presence of Li ion interconnects is more sensitive to variations in the pressure and temperature. This is attributed to the higher physisorption binding energies in Li-doped CNTs as compared to pristine CNTs [39] .
Figures 6 and 7 again show that hydrogen storage increases at higher pressures and lower temperatures. The inset of figure 6 shows the variation of the slopes of the isobars ( term is small (0.35), the slope of the isotherm (
is almost linear (inset of figure 7 ) when p r > 25 (or p > 25 atm). The chemical stability of Li-doped carbon nanotubes produces a wider pressure range over which H 2 storage increases appreciably [16] . Despite the qualitative similarities in storage when the two interconnects are used, the optimal storage conditions when C interconnect are employed are different from those containing Li ions.
Whether a CNT is open or closed also plays a role in storage. Figure 8 compares storage at two temperatures (100 and 273 K) in CNT electrodes with either open or closed ends joined by a Li ion nanowafer interconnect. At 273 K and ∼20 atm, storage in open CNTs is 294% higher than in the closed nanotubes, since in the former case the CNT interiors are also available for hydrogen physisorption through a capillary effect. The effective volume inside each CNT is 87% of the volume of the layer of hydrogen molecules physisorbed on its exterior surface. However, at 273 K and 20 atm the storage inside CNTs accounts for about 75% of the total storage. Thus, hydrogen molecules are more densely stored inside a CNT than outside it. (The behavior at 100 K is similar.) The dense storage inside CNTs as compared to their exteriors is due to the smaller hydrogen-hydrogen interaction potential inside the nanotubes, as described by Zheng et al [40] . In spite of the van der Waals forces between the hydrogen molecules and the carbon atoms of the CNTs, storage is limited by the repulsive forces between the hydrogen molecules. Stan et al [41] have demonstrated through theoretical calculations that there is a stronger adsorbate-adsorbate binding inside such nanotubes. This results in greater storage inside the CNTs.
Conclusions
We find that while alkali metal nanowafer interconnects increase storage on the nanotube, albeit by a relatively small amount, the presence of unassociated transition metal ions such as Pd and Ti does not enhance storage on the nanotubes. CNT electrodes store only slightly higher amounts of hydrogen in the presence of Li ions at pressures lower than 25 atm. Our simulations also show that nanotubes with open ends store significantly more hydrogen than those with closed ends. In general, the simulated data imply that CNTs do not store more than 1% hydrogen by weight at 273 K. Thus a high pressure and low temperature operating condition is necessary for reasonable storage. The dependence of storage on the ambient temperature and pressure is influenced by the interconnect material. In the presence of an interconnect made of Li ions, increasing the ambient pressure above 40 atm and decreasing the temperature below 165 K leads to the largest incremental enhancement in hydrogen storage. However, in the presence of a C atom interconnect, pressures greater than 25 atm and temperatures less than 180 K produce similar results.
